Abstract: Most coastal flood risk studies make use of a Digital Elevation Model (DEM) in addition to a projected flood water level in order to estimate the flood inundation and associated damages to property and livelihoods. The resolution and accuracy of a DEM are critical in a flood risk assessment, as land elevation largely determines whether a location will be flooded or will remain dry during a flood event. Especially in low lying deltaic areas, the land elevation variation is usually in the order of only a few decimeters, and an offset of various decimeters in the elevation data has a significant impact on the accuracy of the risk assessment. Publicly available DEMs are often used in studies for coastal flood risk assessments. The accuracy of these datasets is relatively low, in the order of meters, and is especially low in comparison to the level of accuracy required for a flood risk assessment in a deltaic area. For a coastal zone area in Nigeria (Lagos State) an accurate
Introduction
Coasts are experiencing the adverse consequences of hazards related to climate change and sea level rise and will be exposed to increasing risks of coastal flooding [1] [2] [3] . Coastal zones and deltas already contain a larger share of the world's population and will become more heavily populated. Ten percent of the world's population lives in the 10 m Low Elevation Coastal Zone. This share covers two percent of the world's land area [4] . This emphasizes the need for coastal flood risk assessments to which GIS (Geographic Information System) components and mapping can be incorporated.
There are many (online) tools to estimate the impact of sea level rise on land area. One can visualize flood extents by setting an elevation relative to sea level in the chosen application (e.g., Globalfloodmap [5] and the Wikipedia Sea Level Rise Explorer [6] ). These tools are mainly used to indicate impacts on a global scale. As of yet it is still unclear and not easy to estimate to what extent these tools and its underlying data can be used in other (smaller) scaled spatial analyses ( Figure 1 ).
Figure 1.
Online tools are available to estimate the impact of sea-level-rise on land area; tools which are based on public Digital Elevation Models (DEMs). Views were zoomed to Lagos State area. Source of upper left image: Wikipedia Sea Level Rise Explorer [6] ; source of lower right image: Flood Maps [7] .
GIS Approach
Coastal flood risk mapping is used to estimate flood risk as shown schematically in Figure 2 [8] . The combination of the occurrence probability of a flood event and the associated (socio-economic) consequences of the flood events determines the total flood risk of a region. In case of GIS-based flood risk assessments, three types of geo data are generated in coastal flood risk models (see Figure 2) representing the flood event (inundation depth maps defined as the difference of a water level and land elevation), the potential consequences of the flood, and a flood risk map. 
DEM as Critical Factor
Most coastal flood risk assessments are based on a conceptual risk approach where Digital Elevation Models (DEM) is used in order to estimate the flood hazard for coastal zones according to projected water levels. The resolution and accuracy of DEM data are critical regarding the results of coastal flood risk assessments, because these data determine whether a location will be flooded by means of a flood simulation. Topographic data are the most important factor in determining the extent of flooding and therefore the accuracy of flood maps [9] . Especially in low-lying coastal zones, the simulation of flood extents was found to be very sensitive to the terrain representation [10] . Yet in general mainly these areas are most vulnerable to coastal floods and therefore demand adequate risk assessments. Commonly publicly available DEMs like ASTER GDEM (Advanced Spaceborne Thermal Emission and Reflection Radiometer) 30 m. horizontal resolution data set [11] and SRTM DEM (Shuttle Radar Topography Mission) 90 m. horizontal resolution data set [12] are used for coastal flood risk assessments [13] , although the resolution and accuracy of these data sets are relatively low. In some areas of the world DEMs generated from LiDAR data are publicly available, but this is rarely the case. Many users end up using an SRTM DEM and ASTER GDEM dataset mainly because it is freely available and ready to use for modeling [14] [15] [16] . Also many online coastal flooding applications are based on these publicly available DEM data sets (see Figure 1) , as are the earlier mentioned applications of Globalfloodmap and the Wikipedia Sea Level Rise Explorer. However, the sensitivity of coastal flood risk assessments to the publicly available DEMs and the associated effects on coastal flood hazard and flood risk estimations based on these data sets are currently overlooked.
Materials and Methods

Comparison Analyses
A case study for Lagos State (Nigeria) was conducted to show the effects on flood hazard and flood risk estimations by comparing flood risk estimations based on two publicly available DEM datasets (ASTER GDEM and SRTM DEM) to flood risk estimations based on LiDAR (Light Detection and Ranging) DEM estimations.
DEMs (Digital Elevation Models) can be split up in Digital Terrain Models (DTM) and Digital Surface Models (DSM). DTMs represent the terrain's elevation, whereas DSMs represent the surface elevation of objects in the landscape (e.g., roofs of buildings and canopies of trees) [17] . In fact ASTER GDEM and STRM DEM datasets are Digital Surface Models instead of Digital Terrain Models. Both sensors apply space borne measure techniques for capturing surface elevations. Unlike the publicly available DEM datasets the LiDAR DEM is a DTM. Although this essential difference is known, a comparison analysis is worth performing since STRM DEM and ASTER GDEM are widely used and ubiquitous as terrain or topography models.
The LiDAR survey was flown with a plane sensor platform in May 2009 by the PBH Group (based in Canada). The nominal point density of the bare earth point data is 2 points per m 2 , and the provided accuracy assessment reported a root mean square error (RMSE) of less than 1 cm. These accuracy and resolution characteristics amply comply with the guidelines for accuracy and resolution of terrain data as input for flood risk assessments [18] . The LiDAR bare earth point measurements were adopted as ground truth, since there was no reference elevation dataset available. The bare earth point data was processed to a grid with a horizontal resolution of 5 m. by natural neighbor interpolation techniques. This processed grid was used for the flooding simulations. With a Root Mean Square Error of 0.10 m. and a Mean Error of 0.00 m. of this grid compared to the bare earth points, the deviations of the 5 m. resolution LiDAR DEM were considered acceptable.
In this case study coastal flooding is approached from a "bathtub" approach. In order to model hydrological connectivity, you can simulate inundation by selecting the values of your DEM which have a lower value than the projected water level [19] . The simulation can be executed in two manners; with and without surface connectivity (see Figure 3) . With surface connectivity only the grid cells which are lower than the projected water level and which are connected to an adjacent flooded grid cell or open water indicate inundation. Simulation with surface connectivity is more appropriate because a coastal flood only has direct influence on the adjacent land zone.
Coastal flood risk assessments can be performed at different horizontal and vertical scale levels (respectively the geospatial scale and the elevation scale). Assessments differ from estimations of the share of the global population living in low-lying deltas to estimations of the probability of a flood in a small harbor. Two case study scales were included in order to reveal the effects of usage of the public DEMs on coastal flood risk assessments and to give an indication of the suitability for use of these public datasets. Lagos State scale and Lagos City scale represent the geospatial scales with accompanying elevation scales; respectively 5 meter Low Elevation Coastal Zone (LECZ) and storm surge water levels (see Figure 4 ). These two case study scales were chosen as they have been used relatively often in past executed coastal flood risk assessments based on both publicly available DEM datasets. 
Lagos State Scale and Low Elevation Coastal Zone
McGranahan et al. [4] conducted a study on the estimation of the world's population living in LECZ. An estimation of the population of the world living in a 5 m. or 10 m. LECZ was made for many countries based on SRTM data [12] and GRUMP population data [20] . The concept of the Low Elevation Coastal Zone represents the scale level comparable with the global sea level rise tools which are available online. These tools support a quick and indicative analysis.
In this focusing scale with Lagos State area as geospatial scale level, and the 5 m. LECZ as elevation scale level, the goal was to assess the land cover of the 5 m. LECZ for Lagos State area by the public DEMs and the LiDAR DEM. Because the entire bare earth point dataset of the LiDAR DEM is too extensive to be used for the entire area, a subset was used. In the subset strips of tiles were chosen to handle calculation time and reduce memory space. The strips are oriented north-south because most elevation differences occur in north-south direction (perpendicular to the coastline and the major lagoons) and have an equal distance of 20 km from each other (see Figure 5 ). 
Lagos City Scale and Storm Surge Water Levels
For this focusing scale, both geospatial and elevation scale levels are smaller. In this case probable flood hazard areas of the city of Lagos were estimated by simulating a storm surge hitting the city of Lagos. Storm surges can differ in intensity and have a relation to the return interval. Storm surge height is directly related to the intensity of the storm. The storm intensity is also related to the frequency of storm surges in terms of return periods. For Lagos State the return periods of storm surges were investigated as well (see Table 1 ). Flooded areas due to storm surges can be simulated by exposing these heights to the public DEMs and the LiDAR DEM. 
Statistical Analysis of Elevation Differences
The statistical elevation differences among the DEM datasets can be revealed by error statistics, because the bare earth points of the LiDAR DEM dataset were adopted as ground truth. The differences in estimated flood extents can be supported by error measurements. These error measurements can be used as a means to quantify the vertical accuracy of a DEM. The errors are calculated for each point by taking the difference of elevation of the GRID and the true elevation of the point. The error statistics were calculated for the 9 strips of the Lagos State case study scale.
The error statistics of the global public DEM datasets are assessed by three functions; the root mean square error of elevation measurements (see Equation 1), the mean error of elevation measurements (see Equation 2 ) and the standard deviation of elevation measurements (see Equation 3) .
where Z p is elevation of ground truth; Z cell is elevation of model; n: sample size.
The RMSE is a widely used measure of conformity between a set of estimates and the actual values and has become a standard measure of map accuracy [21] . The mean error (ME) is an important component for elevation accuracy assessments because it provides an indication of whether the dataset is under-or overestimated in relation to ground truth. The standard deviation provides information on the spread of the errors, which indicates to what extent there is a variety in the magnitude of the errors in the dataset.
Results
Results Lagos State Scale
The amount of LiDAR data was the inhibiting factor which meant the case study could not be assessed for the entire extent of Lagos State. In order to compare the LECZ areas based on the SRTM DEM, the ASTER GDEM, and the LiDAR DEM, only nine strips were used for comparison. A result for one of the strips is shown in Figure 6 . The cumulative results are shown in Table 2 . The results show that the estimated LECZ area estimated by the SRTM DEM is four times smaller than the LECZ area estimated by the LiDAR DEM. The results generated by the ASTER GDEM provide an area that is almost seven times smaller than LiDAR DEM estimations. For the error statistics you see larger magnitudes in all accuracy components for ASTER GDEM than for SRTM DEM (see Figure 7) . SRTM DEM shows an ME of −4.2 m, whereas ASTER GDEM shows an ME of −5.25 m. This means that both public DEM datasets overestimate the elevation for Lagos State area and consequently underestimate the risk of flooding. From the perspective of the elevation focusing scale of this case study, you see that the RMSE of both public DEMs (respectively 11.3 m and 5.3 m.) is even larger than the defined range of the LECZ (0-5 m above mean sea level). 
Results Lagos City Scale
For the Lagos City study area it was possible to make use of the full data coverage of the study extent. The focusing scale applied in this case study is more precise and is meant as a case study where the precision of estimations approximates detail levels which are tangible, such as affected neighborhoods or affected houses which are inundated in flood areas during a plausible event. The results are shown in Figure 8 and Table 3 . Again the flood areas (in Lagos State case, the LECZ areas) estimated by the ASTER GDEM and the SRTM DEM are significantly smaller than the estimations by LiDAR DEM. SRTM DEM estimates results that are closer to LiDAR DEM than ASTER GDEM. It could be observed that in the Lagos City case scale, the deviations of both public DEMs in relation to the LiDAR DEM estimations were larger than the deviations in the Lagos State case scale. Especially ASTER GDEM (with percentages not higher than 10%) provides large hazard indication deviations.
Conclusions and Discussion
This study shows that attention should be paid in the application of publically available DEMs to support coastal flood risk assessments at different geospatial and elevation scales. In this case study, a comparison was made between public DEMs and very accurate vertical elevation measurements (LiDAR DEM). It can be concluded that the resulting flood risk can deviate significantly in such magnitudes that ASTER GDEM and SRTM DEM do not meet the accuracy requirements for the coastal flood risk assessment applied on Lagos State. Both ASTER GDEM and SRTM DEM overestimate the land elevation and, therefore, underestimate the flood hazard and associated risk. The overestimation is mainly due to the sensor techniques used in both publicly available datasets. The DSMs include elevations of vegetation and buildings. More research is needed to reveal the deviation magnitudes of elevations for different land-uses like forests, urban areas, and open areas. Although ASTER GDEM and SRTM DEM are Digital Surface Models instead of Digital Terrain Models, these datasets are widely used across the world for coastal flood risk assessments. Therefore these datasets should be compared and analyzed in original state to elevation data with a higher resolution and accuracy to reveal flood risk outcome differences. Underestimating hazards and risks in coastal flood risk assessments based on SRTM DEM or ASTER GDEM data is of concern, especially when investment decisions are made or policy procedures are adopted.
The flood inundation maps using SRTM DEM or ASTER GDEM show an inundated area at least four times smaller than a LiDAR DEM based inundation map. Although the horizontal resolution of ASTER GDEM is higher than SRTM DEM, the risk estimate of ASTER GDEM deviates significantly more from the LiDAR DEM risk estimate than the SRTM DEM does. A comparison of a coastal flood risk assessment at two geospatial scales (Lagos State and Lagos City) using the ASTER GDEM land elevation shows that the bias increases when the risk assessment becomes more geographically detailed, for instance when zooming in on a map. The same conclusion can be made for flood risk assessments using the STRM DEM land elevation, although the bias is smaller.
Despite the fact that this case study has been conducted for one location only (Lagos State area) the conclusions are relevant for other delta areas in the world as well. SRTM DEM and ASTER GDEM are extensively used across the globe in order to assess coastal flood risks. The findings are important to take into account when selecting publically available data sets for coastal flood risk assessments for low-lying deltas. In addition, conclusions based on a coastal flood risk assessment performed using these publically available data sets should be reevaluated taking into consideration this accuracy level. In addition to this, the absolute terrain elevation (relative to mean sea level, chart datum, etc.) is critical information for any GIS-based coastal flood risk assessment. If the elevation data (SRTM DEM or ASTER GDEM) shows an overestimation throughout its entire global dataset, this influences the results of any flood risk assessment with highly plausible underestimations of the flood risk. However, there is a need for further research to conclude whether there is a trend that SRTM DEM and ASTER GDEM show an overestimation of the elevation in low-lying delta areas across the globe with resulting underestimation of flood hazards for the studied areas.
